Photoinhibition resistance exhibited by the high intertidal red alga Porphyra perforate relative to its subtidal congener Porphyra nereocystis was examined using the protein synthesis inhibitor chloramphenicol to separate the damage and repair components of photoinhibition. Under photoinhibitory conditions, the rates of both damage to and replacement of photoinhibition-sensitive proteins was much higher in P. nereocystis than in P. perforate. Thus, photoinhibition resistance in P. perforate appears to be due to a reduced rate of photoinhibition damage rather than to an accelerated rate of photoinhibition repair. Reduction of photoinhibition damage in P. perforate may be by means of biophysical processes which increase the radiationless decay of excitation to heat in photosystem II. Alternatively, the photoinhibition-sensitive proteins in P. perforate may have slight structural alterations that improve their stability or they may be protected by enzyme systems that quench radicals formed by overexcitation of photosystem 11. Reduction of the damage component of photoinhibition is a reasonable way to limit photoinhibition in P. perforate during the severe desiccation and exposure to full sun that occur simultaneously during daily low tides, conditions under which the protein synthesis required for photoinhibition repair could not occur.
Photoinhibition of photosynthesis by visible light has attracted the attention of a broad spectrum of plant scientists in the last decade. The appeal of photoinhibition is severalfold. At the biochemical level, the primary process of photoinhibition is a light-induced turnover ofone or more thylakoid membrane proteins in which the rate of degradation has exceeded the rates at which the degraded protein is identified and removed from the membrane and its replacement synthesized and reinserted in the membrane (2, 15, 16) . This process is all the more interesting because the proteins involved are integral members of the PSH1 core complex. The replacement process may, therefore, involve partial disassembly and reassembly of the complex so as to conserve its undamaged components.
At the level of plant physiology and ecology, photoinhibition is one acclimation and adaptation of the photosynthetic apparatus to its light environment (1) . Photoinhibition is also believed to be a part of the damage caused by both water stress and cold stress (4, 20) . Understanding photoinhibition is thus a part of understanding the phenotypic and genotypic responses of the photosynthetic apparatus to its environment.
Plants endemic to high irradiance environments are resistant to photoinhibition by means of various adaptations of their photosynthetic apparatus, some of which are poorly understood. One such plant is the red alga Porphyra perforate J. Agardh, which persists naturally under extreme photoinhibitory conditions in the high-intertidal zone of the seashore experiencing severe desiccation under full sunlight on a daily basis during exposure by low tides. Relative to its shadeadapted, subtidal congener, Porphyra nereocystis Anderson, P. perforate exhibits a constitutive resistance to photoinhibition ( 11) . The mechanisms conferring this resistance do not function either to reduce absorption of incident light or to decrease the amount of excess energy in PSII by using it in increased carbon fixation, photorespiration, or the Mehler oxygen reduction reaction. Rather, they function to reduce or repair the damaging effect of the excess energy (5, 1 1).
Photoinhibition occurs when the rate of damage to photoinhibition-sensitive proteins in PSII exceeds their rate of replacement (18, 22, 25) . Thus, faster replacement of the damaged proteins in P. perforate than in P. nereocystis could account for the relative photoinhibition resistance of P. perforata. Such an increased replacement rate has been shown to confer photoinhibition resistance in high-light grown Anacystis nidulans relative to low-light grown controls (25) . Alternatively, PSII complexes in P. perforate may sustain photoinhibition damage more slowly than in P. nereocystis. Biophysical phenomena that may function to harmlessly dissipate excess energy in PSII have been observed in P. perforate (8, 26, 27) . These phenomena have been proposed to be photoprotective, slowing photoinhibition damage.
To separate and quantify rates of photoinhibition damage and simultaneous repair, photoinhibition repair may be blocked with drugs that inhibit synthesis of the photoinhibition-sensitive proteins of PSIL. These proteins are chloroplastencoded and their synthesis can be blocked at the translation step with chloramphenicol or streptomycin, halting photoinhibition repair (18, 22, 24 Mean Pmax values for the two species were determined in a separate experiment. Qr was assumed to be 10 ME/Mmol 02 evolved. Actual quantum requirement measurements made on the experimental material were close to this value (from measurements of continuous oxygen evolution in 50 ,uE m 2s ' white light and measurements of thallus absorption made by placing a LiCor quantum sensor directly behind the thallus in the same light field used for the oxygen evolution measurements). Use of this equation has been described previously (1 1).
RESULTS

Photoinhibition in Porphyra
The cultured populations of Porphyra perforate and Porphyra nereocystis used in these experiments differed slightly in their effective absorption of incident light (.umol 02 evolved/,uE incident light) and in their light-saturated oxygen evolution rates. To equalize these differences with respect to their effect on photoinhibition, Equation 1 was used to determine the amount of photosynthetically active light absorbed by a sample that exceeded its photosynthetic capacity during inhibitory light treatments. In Figure 1 , photoinhibition is expressed as decline of light-limited oxygen evolution rate versus excess light absorbed. The data of Figure 1 clearly illustrate the photoinhibition resistance of low-light-acclimated P. perforate relative to low-light-acclimated P. nereocystis. Light treatments of 2000 tE m-2s-' for 60 min at 20°C caused a 5% mean reduction oflight-limited oxygen evolution in P. perforate but produced a mean reduction of 66% in P. nereocystis. Longer high-light treatments of P. perforate caused substantial photoinhibition: 239 min caused a 62% mean reduction of light-limited oxygen evolution. These experiments were done at 20°C with plants grown at 1 2°C. Sixtymin dark controls showed that this change in temperature had no effect on rates of light-limited oxygen evolution (data not shown). Photoinhibition was sensitive to temperature, however. A comparison of Figure 1 with previous data ( 11) indicates that the photoinhibition rate at 20°C is roughly half that at 12°C in both species. Figure 1 also shows that photoinhibition is initially very slow in P. perforate but speeds up after 60 min or more. This initial lag was also observed at 1 2°C, but it was shorter (20 min) at the lower temperature. 
Effect of Chloramphenicol on Photoinhibition and Recovery
Recovery from photoinhibition in the presence and absence of chloramphenicol following photoinhibition in the absence of chloramphenicol is shown in Table I . Following a 65% photoinhibition, recovery of light-limited oxygen evolution at 50,E m-2s-', 12°C in the absence ofchloramphenicol appears to be similar in the two species. Both light and temperature are known to affect photoinhibition recovery (10) . The light sensitivity of photoinhibition repair is confirmed by comparing recovery of P. perforate at 12°C and 50 ,uE m-2s-' to recovery at the same temperature in darkness. Recovery in darkness is less than half that in light. At 25 ME m-2s-', 20°C in the absence of chloramphenicol, photoinhibition recovery may be faster in P. perforate than P. nereocystis, but the comparison is complicated by low sample size and unequal photoinhibition. In the presence of chloramphenicol, photoinhibition recovery in both species ofPorphyra does not occur and the inhibition increases. The control data of Table I show that this progressive inhibition by chloramphenicol in low light occurs in both species whether they have been previously photoinhibited or not and is clearly greater in P. nereocystis than in P. perforate.
Comparison of Figure 1 with Figure 2 shows the effect on photoinhibition of 500 Mug mL-' chloramphenicol present during both the photoinhibitory light treatment and subsequent assay of light-limited oxygen evolution. This comparison is set forth clearly in Table II . In both species ofPorphyra, the rate of photoinhibition is substantially increased by chloramphenicol. Some inhibition of light-limited photosynthetic rate also occurs during dark incubation in chloramphenicol in both species of Porphyra. Inhibition of nucleus-encoded protein synthesis by cycloheximide had no apparent effect on photoinhibition in either species of Porphyra.
The rate of observed photoinhibition in the presence of chloramphenicol (Table II) can be taken to represent the rate of photoinhibition damage, since simultaneous repair has been blocked. By subtracting this damage rate from the rate of observed photoinhibition in the absence of chloramphenicol, it is possible to determine the rate of simultaneous repair occurring during photoinhibition treatments. This has been done for P. perforate and P. nereocystis in Table II . These data clearly indicate that the rates of both damage to and replacement of photoinhibition-sensitive proteins are much higher in P. nereocystis than in P. perforate under identical photoinhibitory conditions. Thus, the relative photoinhibition resistance P. perforate appears to be due to a slow rate of photoinhibition damage rather than to a rapid rate of photoinhibition repair.
The inhibition of light-limited photosynthesis by chloramphenicol in darkness that is shown in Table II differs from previous results with organisms other than Porphyra (18, 24) . To clarify this dark effect, further experiments were performed and the results are presented in Table III . The dark controls presented in Table II, while appropriate for comparison to  the light treatments of Table II , were not true dark controls in that chloramphenicol was present during the posttreatment measurement of light-limited oxygen evolution made at 25 ME m-2s-'. In the experiments of Table III, chloramphenicol and solvent were washed out of the sample prior to the posttreatment measurement of oxygen evolution. From Table  III , it appears that both species were inhibited slightly and equally by 0.5% ethanol alone. True dark inhibition by chloramphenicol also occurred to an equal extent in both species. Comparing the data of Table III to the dark controls of Table  II and the controls of Table I , it would appear that chloramphenicol inhibits light-limited oxygen evolution in both darkness and in low light. In P. perforate, the darkness and low light inhibitions are roughly equivalent. In P. nereocystis, however, inhibition in darkness is similar to that occurring in P. perforate but inhibition in low light is twice that in darkness.
DISCUSSION Photoinhibition Damage and Repair in Porphyra
From Table II it is clear that, during exposure to 2000 AsE m-2s-, P. perforate experiences substantially less turnover of photoinhibition-sensitive, chloroplast-encoded proteins than does P. nereocystis. The ratio ofdamage to replacement under such conditions is also lower for P. perforate than P. nereocystis. The specific protein involved is most likely the 32 kD brane, high rates of damage causing increased rates of replacement (16) . This relationship could account for the lower rate of photoinhibition recovery apparent for P. perforate relative to P. nereocystis in Table II . If photoinhibited equally, the two species appear to have similar rates of photoinhibition recovery (Table I) .
From Table III and the controls of Tables I and II , it appears that 500 ,ug mL-' chloramphenicol causes inhibition of light-limited oxygen evolution in both low intensity light and in darkness in both P. perforate and P. nereocystis. The low light inhibition is greater in P. nereocystis than in P. perforate while the dark inhibition is equal in both species. ( 12) , is that the photoinhibition-sensitive site in PSII is protected by mechanisms which divert excitation exceeding the amount that can be used in photosynthesis into nondestructive pathways of dissipation (3, 8, 12, 13) . Two phenomena that might perform this function have been observed in P. perforate (26, 27) Another possible explanation for the relatively low photoinhibition-damage rate of P. perforate is that the photoinhibition-sensitive proteins, or proteins adjacent to them, have a slightly altered structure that makes them more stable under photoinhibitory conditions. The structure of proteins in the PSII complex is highly conserved among distantly related photosynthetic species (7), suggesting that very little structural alteration can occur without producing a negative effect on function. Thus, structural changes that would reduce photoinhibition damage without impairing photosynthetic function would necessarily be minor changes. Alternatively, if the molecular mechanism of photoinhibition damage involves oxygen radicals, as proposed by Kyle (16) , increased activity of enzymes such as superoxide dismutase or catalase in P. perforate could protect against photoinhibition. Spontaneous, paraquat-resistant mutants of weed species exhibit this adaptation (28) .
The lag before onset of photoinhibition in P. perforate is an interesting phenomenon ( Fig. 1 ; see also ref. 1 1) . Since the lag is eliminated by chloramphenicol (Fig. 2 ), it appears to represent an initial, rapid translation rate of photoinhibitionsensitive proteins followed by a slower rate. This change in translation rate could be due to exhaustion ofa pool ofmRNA transcript for the proteins, necessitating new transcription for continued synthesis. The need for new transcription could slow the overall rate of synthesis of the replacement proteins and thus cause an increase in the rate of observed photoinhibition. The absence of a lag in P. nereocystis could be due to a smaller mRNA pool or to faster consumption of the pool caused by faster damage and replacement of photoinhibitionsensitive proteins (Table II) . The photoinhibition resistance of P. perforate by reduced photoinhibition damage rather than by increased repair is reasonable considering the typical environment ofthe species. In its high intertidal habitat, P. perforate is frequently dried to crispness under full sunlight during exposure by low tides. Protein synthesis is probably not even possible when the plants are so severely desiccated so that the only effective means of limiting photoinhibition is by reducing the rate of damage. 
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